The present study evaluates the influence of different amounts of fat added to starch on postprandial glucose metabolism (exogenous and endogenous). Nine women (24 (SE 2) years old, BMI 20´4 (SE 0´7) kg/m 2 ) ingested 1 week apart 75 g glucose equivalent of 13 C-labelled starch in the form of pasta without (low fat; LF) or with 15 (medium fat; MF) or 40 (high fat; HF) g sunflower oil. During the 7 h following meal consumption, plasma glucose, non-esterified fatty acids, triacylglycerols (TG) and insulin concentrations, and endogenous (using [6, H 2 ]glucose) and exogenous glucose turnover were determined. With MF and HF meals, a lower postprandial glucose peak was observed, but with a secondary recovery. A decrease in exogenous glucose appearance explained lower glycaemia in HF. At 4 h after the HF meal the insulin, insulin:glucose and postprandial blood TG were higher than those measured after the LF and MF meals. Despite higher insulinaemia, total glucose disappearance was similar and endogenous glucose production was suppressed less than after the LF and MF meals, suggesting insulin resistance. Thus, the addition of a large amount of fat appears to be unfavourable to glucose metabolism because it leads to a feature of insulin resistance. On the contrary, the MF meal did not have these adverse effects, but it was able to decrease the initial glycaemic peak.
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As obesity, diabetes and cardiovascular risk factors are increasing in industrialised countries, nutritional approaches are being used to limit their development. In addition to energy-restriction programmes, the consumption of low glycaemic index foods has been recommended. As the metabolic syndrome represents a vicious circle whereby insulin resistance leads to hyperinsulinaemia, and thus exacerbates insulin resistance, reducing postprandial glucose and insulin levels could be a goal to reach (Wolever, 2000) . One easy way to lower the glycaemic index of carbohydrate nutrients is to add fat; by using scintigraphy it has been shown that this slows gastric emptying (Cecil et al. 1999) . Many authors have studied the effects of various carbohydrate and fat contents on plasma substrates and postprandial insulin profiles (Collier et al. 1984 (Collier et al. , 1987 (Collier et al. , 1988 Cunningham & Read, 1989; Van Amelsvoort et al. 1989 Cohen & Berger, 1990; Gatti et al. 1992) . Collier et al. (1984) have shown that 37´5 g fat added to 75 g carbohydrate as lentils or potatoes were able to flatten the postprandial glucose curves but not the insulin response. Gannon et al. (1993) , studying the effect of butter added to potatoes, also showed a decreased glucose response but an enhanced insulin postprandial area. Thus, if the decreased postprandial glucose response induced by fat addition is apparently favourable, the effect on insulin secretion appears more controversial, and the hypothesis that it might exert a beneficial effect on insulin sensitivity is not substantiated. Moreover, it has been shown that adding fat increases postprandial triacylglycerolaemia in a dose-dependent manner (Dubois et al. 1998) , which is also an undesirable side effect. Thus, it appears necessary, as emphasised by Gannon et al. (1993) , to understand better the mechanisms by which fat attenuates the glucose response to carbohydrate. As the influence of fat on glucose metabolism (i.e. exogenous glucose appearance, endogenous glucose production) has never been reported, it is important to investigate the mechanisms by which fat is able to modify carbohydrate metabolism. Previously we have been able (Normand et al. 1992) to study glucose metabolism after a carbohydrate load by using naturally 13 C-enriched maize. In the present study, we used 13 Cenriched durum wheat obtained by culture in a 13 CO 2 -enriched atmosphere, to produce intrinsically labelled pasta. This process allowed us to follow the metabolic fate of the ingested pasta in the presence of different amounts of sunflower oil (0, 15, 40 g). The influence of fat on the appearance of glucose derived from 13 C-enriched pasta, on glucose utilisation and on endogenous glucose production was studied in nine normal women. We were able to demonstrate that besides the delay in exogenous glucose appearance, abnormalities of glucose metabolism, such as defects in postprandial endogenous glucose suppression, were induced by high doses of fat.
Methods

Subjects
Nine healthy women of mean age 24 (SE 2, range 20±37) years and of mean weight 57 (SE 2, range 45±67) kg with a mean BMI of 20´4 (SE 0´7, range 16´6±23´3) kg/m 2 volunteered for the study. None had a family history of diabetes mellitus, gastrointestinal disease or were taking any medication. All subjects gave their written consent after being informed of the nature, purpose and possible risks of the study. The ethical committee of`Hospices Civils de Lyon' approved the experimental protocol according to the Huriet Law (20th January 1988 , modified 25th July 1994 .
Materials
The macronutrient composition of the test meals is given in Table 1 . These meals consisted of starchy food and the amount ingested was calculated as 75 g glucose equivalent (94´7 g crude product containing 720 g starch/kg). The starchy food used was pasta (noodles) which was manufactured by Commissariat a Á l'Energie Atomique (CEA Cadarache, France) and Crealis (Groupe Danone, Brive, France) . No eggs were added and the product was free of soluble sugar.
Pastas were manufactured with starch derived from a preparation of 75 g milled durum wheat cultivated in a 13 CO 2 -enriched atmosphere ( 13 C isotope abundance 11 %) mixed with 11 kg milled natural durum wheat ( 13 C isotopic abundance 1´08 %). Noodles were cooked in 950 ml boiling mineral water (Evian; Evian, France) salted with 7 g NaCl/l for 7 min. The sunflower oil was added to the cooked product. D-[6,6-2 H 2 ] glucose (99 mol % excess) was obtained from Commissariat a Á l'Energie Atomique (Gif-sur-Yvette, France); chemical and isotopic purity was confirmed by GC±selected-ion-monitoring MS; it was dissolved in sterile isotonic saline (9 g NaCl/l) and passed through a 0´22 mm Millipore filter (Millipore Corp., Bedford, MA, USA) before infusion. The preparation was pyrogen free. The actual concentration of [ 2 H]glucose in the infusate was determined at the end of each test.
Experimental protocol
At 1 week before the tests, nutrients known to be enriched in 13 C (maize starch and oil, cane sugar, exotic fruits and tinned foods) were excluded from the diet, and 24 h before the study the subjects were asked to limit extreme physical activity, to drink no alcohol and to eat a usual evening meal.
Each subject was submitted to three different test meals in which 13 C-enriched pasta was ingested without (low fat; LF), or with 15 (medium fat; MF) or 40 (high fat; HF) g sunflower oil. The order of the test was randomised with a Latin square design, with an interval of at least 1 week between each test.
All tests were performed between 07.00 and 08.00 hours in the post-absorptive state, 12 h after the last evening meal. Intravenous catheters were inserted into forearm veins in both arms for tracer infusion on one side, and blood sampling on the other side. A primed continuous infusion of D-[6,6-2 H 2 ]glucose (0´04 mg/kg per min) was started 150 min before the meal ingestion, and was maintained during the next 7 h to determine the total rate of glucose appearance (RaT). The priming dose was eighty times the infusion rate over 1 min. At time 0, subjects ate the meal in 15 min, and drank 250 ml mineral water. Blood samples were taken sequentially each 15 or 30 min over the 7 h following ingestion and were used for analysis of glucose, triacylglycerols (TG), non-esterified fatty acids (NEFA) and insulin concentrations, and isotopic enrichments [
2 H]-and [ 13 C]glucose). This sequential sampling procedure allowed detection of very small and transient changes in plasma concentrations. Blood was immediately centrifuged (10 min at 3500 rpm at 48C) and plasma was stored at 2208C until analysed.
Analytical procedures
Metabolites and hormones. Plasma glucose was determined in HClO 4 -neutralised plasma extracts by enzymic et al. 1977) . Plasma 13 C glucose enrichment was measured by GC± combustion±isotope-ratio MS (SIRA 10; VG Isogas, Middlewich, Cheshire, UK) after derivatisation to pentacetyl glucose as described by Dejongh (1965) .
The 13 C enrichment of ingested starch was determined after enzymic hydrolysis (with amyloglucosidase) using the Thivend method (Thivend et al. 1972 ) and the glucose Mean values were significantly different from those for HF meal; *P , 0´05X Mean value was significantly different from that for the LF meal: ²P , 0´05X obtained was purified by sequential anion±cation exchange chromatography before derivatisation as glucose pentaacetate and analysed as described previously (Normand et al. 1992) . The 13 C enrichment of the derivatised glucose molecule was 215´54 (SD 0´31) d 13 C½ (1´09416 (SD 0´00034) atom % 13 C; mean of four measurements).
Calculations
RaT and the rate of total glucose disappearance were calculated from plasma [6,6-2 H 2 ]glucose enrichment and from plasma [ 13 C] glucose enrichment the rates of exogenous glucose appearance and disappearance, using Steele's equation for non-steady-state conditions (De Bodo et al. 1963; Proietto et al. 1987) as described previously (Tissot et al. 1990) . Endogenous glucose production (EGP) was calculated as RaT2RaE (exogenous glucose appearance).
Statistical analysis
The results are expressed as mean with their standard errors. Pasta data were analysed using Latin square ANOVA followed when significant (all ANOVA P , 0´05 by the Fisher's least significant difference pair wise for multiple comparison test. Fisher post hoc tests were used to identify significant differences P , 0´05 when ANOVA yielded a significant F ratio. Postprandial data were also assessed as area under the curve (AUC) calculated by using the trapezoidal method and integrated throughout the experimental period (0±180 min (first 3 h), 180±420 min (last 4 h) or 0±420 min (7 h postprandially)). Such an AUC splitting was selected to allow (1) a comparison with the classical 3 h oral glucose tolerance tests performed in the clinic and (2) an accurate estimation of the kinetic variables.
Results
Metabolites and insulin responses
The responses in kinetics and AUC of glucose, insulin and insulin:glucose to the three test meals are shown in Fig. 1 . The HF meal resulted in an earlier (30 min) but significantly lower P 0´037 increase in blood glucose level than did the MF and LF meals. After a decrease in glycaemia, a second peak was observed 180 min after the MF meal, and 300 min after the HF meal. When compared with the LF and MF meals, glycaemia did not return to the basal level 7 h after the HF meal, and was significantly higher at 420 min P 0´0001X The first 3 h AUC were significantly different between the three meals P 0´0003Y with the HF meal being lower than MF and LF meals P , 0´01 and MF meal lower than LF meal P 0´027X The last HF meal 4 h AUC was significantly higher than that of the LF meal P 0´007X The total 7 h AUC was not significantly different between the three meals.
Insulin secretion was essentially unaffected by the addition of fat for the first early sharp peak 30 min after ingestion of the three test meals. A biphasic lipid dosedependent response was then observed. Compared with the LF and MF meals, insulinaemia 7 h after ingestion of the HF meal did not return to basal values P 0´0001 at 420 min). The last HF meal 4 h AUC was significantly higher than that for the LF P 0´0015 and MF meals P 0´0095 and so was the last 4 h AUC of insulin:glucose when compared with LF meal P 0´005 and when compared with MF meal P 0´023X NEFA and TG responses to the three test meals are shown in Fig. 2 . Plasma NEFA concentration decreased during the first 90 min after consumption of all three meals. After ingestion of the LF meal, a plateau was observed from 120 to 270 min and then the concentration increased steadily until the end of the test. For the MF meal at 150 min after ingestion a weak peak value was noted before a return to the fasting level. However 1 h after ingestion of the HF meal NEFA concentration rose rapidly until 210 min and then declined until the end of the test. The first NEFA 3 h AUC was significantly higher after the HF meal P 0´007 compared with the LF meal.
A large increase in plasma TG concentration occurred after HF meal ingestion only, with a plateau from 180 to 240 min. The last 4 h AUC was significantly higher after the HF meal P 0´002Y as was the 7 h AUC P 0´0001; there was no difference between the LF and MF meals.
Thus, the HF meal induces a lower glucose peak in the first period of the test but alters the second part profoundly by increasing glycaemia, insulinaemia and TG concentration. Fig. 3 shows the changes in RaT, exogenous glucose appearance and EGP during pasta meals. The kinetics of RaT were not affected significantly by lipid addition. Overall glucose appearance increased to a peak value 30 min after ingestion of the three pasta meals. After a subsequent decrease, a biphasic response was observed, with a second peak 150 min after ingestion of the LF meal and 180 min after ingestion of the MF meal, whereas values almost stabilised at lower values between 60 and 180 min after ingestion of the HF meal. Between 210 and 270 min RaT was similar (3´79 (SE 0´07) mg/kg per min) after the three meals, but during the last hour RaT approached basal levels after the LF and MF meals while being maintained at a higher level after the HF meal.
Glucose turnover
The overall rate of disappearance of glucose (data not shown) peaked 60 min after the three meals, then, as for RaT, values were lower between 90 and 270 min and increased to values higher than the fasting level after the HF meal. As shown in Table 2 , the RaT was unchanged throughout the experiment: 86 (SE 3)g (1´51 (SE 0´05) g/kg), 83 (SE 3) g (1´46 (SE 0´05) g/kg), and 84 (SE 4) g (1´47 (SE 0´07) g/kg) for LF, MF and HF meals respectively; the overall rate of glucose disappearance was also unchanged. By taking into account the [ 2 H] enrichment values measured by organic MS and the [ 13 C] enrichment values of plasma glucose measured by isotope-ratio MS, the kinetics of exogenous glucose metabolism were calculated (Fig. 3) . The change was similar after the LF and MF meals. The rate of exogenous glucose appearance reached a peak at 60 min of 3´11 (SE 0´27) and 3´13 (SE 0´22) mg/kg per min after the LF and the MF meal respectively, then the maximum was reached between 150 and 240 min for the LF and MF meals, before decreasing until the end of the test. However, after the HF pasta meal, no first peak was observed; instead there was a lower plateau phase lasting for about 3 h, that was followed by a further increase that was maintained until the end of the test.
The rate of exogenous glucose disappearance (data not shown) was similar after the LF and MF meals, with a progressive increase until 180±240 min and then a diminution until 420 min. After the HF meal, the rate of exogenous glucose disappearance increased steadily for 7 h. In all cases, no return to baseline values was observed 7 h postprandially.
The overall rate of exogenous glucose appearance integrated over 420 min was 70 (SE 3) g (1´23 (SE 0´05) g/kg) for the LF and MF meals and 60 (SE 5) g (1´05 (SE 0´09) g/kg) for the HF meal P 0´040 and it accounted for 93 % (LF and MF) and 80 % (HF) of ingested equivalent glucose (75 g or approximately 1´31 g/kg).
After the three meals EGP declined rapidly during the first 60 min. After the LF and MF meals, there was a similar decrease that almost plateaued until the end of the test, whereas after the HF meal a recovery of EGP was observed between 90 and 330 min. For the three meals, EGP remained suppressed 7 h postprandially.
Overall EGP accounted for 17 % (LF 15 (SE 2) g) and 14 % (MF 12 (SE 1) g) of RaT. It accounted for 26 % (22 (SE 2) g) of RaT after the HF meal P 0´005 suggesting lower inhibition of EGP by the HF meal compared with the LF and MF meals.
Discussion
Addition of fat to carbohydrate nutrients could be used to decrease postprandial glycaemia; however, the mechanism of interaction between fat and postprandial glucose metabolism (exogenous and endogenous) has not previously been studied in detail. We have studied the metabolic fate of a starchy food by using stable-isotope tracers (D-[6,6-2 H 2 ]glucose and starch naturally labelled with 13 C). The analysis of [ 13 C] enrichment in glucose allows the appearance of exogenous glucose to be determined. We were able to demonstrate that the addition of 40 g sunflower oil delayed the appearance of exogenous glucose (Fig. 3) . Moreover, the quantity of exogenous glucose appearing during the 7 h of the study was decreased (60 (SE 5) g for the HF meal compared with 70 (SE 3) g for the LF and MF meals; P 0´04X There are considerable data indicating that adding a large amount of fat to a standard carbohydrate load reduces the glycaemic curve (Estrich et al. 1967; Collier et al. 1984; Gulliford et al. 1989) . The most likely hypothesis concerning this reduced postprandial blood glucose response is slower gastric emptying (Cunningham & Read, 1989; Houghton et al. 1990; Latge Â et al. 1994) resulting in a delay in carbohydrate absorption. Thus, our data are in accordance with those studies that show a fastinduced delay in gastric emptying; however there could be other mechanisms that influence starch absorption. The use of D-[6,6-2 H 2 ]glucose allowed determination of total glucose turnover. RaT was not affected significantly by the addition of fat; RaT (g) during the 7 h experimental period was 86 (SE 3), 83 (SE 3) and 84 (SE 4) for LF, MF and HF meals respectively. During this period, the overall rate of exogenous glucose appearance accounted for 81, 84 and 71 % of the RaT after LF, MF and HF meals respectively. There are no previous reports on glucose turnover after starchy food ingestion with fat, but our result of 81 % overall systemic appearance of exogenous glucose after the LF meal is consistent with the range of values obtained by other researchers (Jackson et al. 1986; Kelley et al. 1988; Tissot et al. 1990 ) for a pure glucose load (70±90 %).
After meal ingestion, EGP was decreased after all meals but lower inhibition was observed after the HF meal. This finding suggests that a hepatic insulin resistance state was induced by the HF meal. A biphasic effect was observed in the glycaemic response: a decrease in glucose response during the 0±3 h period was induced in a dose-dependent manner by fat addition, highlighted by the significant decrease in 0±3 h glucose AUC after MF and HF meals P , 0´05; a recovery effect was observed during the second part of the test, with an increase in the 3±7 h glucose AUC after the HF meal. Nevertheless, after the HF meal, a lower inhibition of EGP occurred that minimised the influence on glycaemia of the delayed appearance of exogenous glucose. Following the MF meal a small decrease in the first phase of the glucose response was observed, whereas no significant effect on exogenous glucose appearance was noted and EGP was suppressed normally. The small decrease in glycaemia could be explained only by the occurrence of a small delay in exogenous glucose appearance but which did not reach significance in our small sample. When comparing our data with that of previous studies with an oral glucose load (Ferrannini et al. 1980 (Ferrannini et al. , 1983 (Ferrannini et al. , 1985 Acheson et al. 1985; Jackson et al. 1986; Kelley et al. 1988) , we may conclude that the still substantial appearance of [ 13 C]glucose in blood 7 h after the three meals could be related to the existence of late glucose absorption by the intestine, slower gastric emptying or significant recycling, with the release of label from glycogen stores built up early after meal absorption. It has been shown that the rate of recycling during an oral glucose load represents 10 % of the metabolism of this load (Ferrannini et al. 1985; Jackson et al. 1986; Kelley et al. 1988) . Surprisingly, the second glycaemic peak is not present in other studies using other types of lipid. These studies include results obtained with 50 g butter (Himaya et al. 1997) , 50 g margarine (Flatt et al. 1985) or 80 g saturated lipids (Griffiths et al. 1994) . Rasmussen (1993) showed that butter increases the insulin response more than olive oil (monounsaturated fat) in subjects with non-insulin-dependent diabetes mellitus fed a starchy meal of 300 g mashed potato. The reason for the different response with sunflower oil (polyunsaturated fat) compared with saturated or monounsaturated fat is not clear, but it could reflect some specificity of the action of lipases. Previous studies have shown that the fatty acid chain length and the degree of saturation may influence fatty acid oxidation (Jones et al. 1985; Rasmussen et al. 1996) . However, a multitude of enzymes, cofactors and gastrointestinal hormones play a role in fat absorption, and the data observed in the present study may have resulted from other changes in the digestive environment and potential changes in gastrointestinal motility.
A massive increase in plasma TG and NEFA concentrations was also observed after the HF meal. The enhanced postprandial TG concentrations observed after consuming HF pasta corroborates the findings of Gannon et al. (1993) and Rasmussen et al. (1996) , who reported a dosedependent increase in TG after adding increasing amounts of butter to potatoes. As observed previously by Cohen et al. (1988) and Dubois et al. (1994) , in an upper range of dietary TG (40±120 g) blood TG response is proportional to the amount of fat ingested. The increased level of NEFA after the HF meal in the second part of the study could be due to the hydrolysis of ingested dietary TG, as shown by Griffiths et al. (1994) and Binnert et al. (1996) ; it could also be related to a defect in lipolysis suppression.
The insulin response was not modified by fat during the first 0±3 h of the study. During the last part of the protocol (180±420 min), we found that insulin and insulin:glucose AUC were significantly higher after HF meal ingestion, indicating higher insulin secretion. All these results are consistent with the well-documented insulin resistance associated with high dietary fat intakes (Himsworth, 1935; Beck-Nielson et al. 1978) and the data of Boden et al. (1994) , who suggested that an increased plasma NEFA concentration may increase blood glucose by inducing insulin resistance at the peripheral and hepatic levels. In our study a defect of EGP suppression was observed after the HF meal that could be related to this mechanism. Previous studies have shown that in normal subjects there is an inverse relationship between TG levels and insulin sensitivity (Olefsky et al. 1974; Tobey et al. 1981) , and some investigators have found that insulin resistance and hypertriacylglycerolaemia were strictly interrelated (Reaven, 1988) . Ferrannini et al. (1983) clearly showed an inhibition of insulin-stimulated glucose utilisation in the presence of physiological elevations of plasma NEFA concentrations. Thus raised plasma NEFA concentrations, at least in some circumstances, may contribute to insulin resistance (Ferrannini et al. 1983; Fraze et al. 1985) , reduced glucose oxidation (Bevilacqua et al. 1990) , and increased hepatic glucose (Ferrannini et al. 1983; Fraze et al. 1985) and TG production (Havel et al. 1970; Barter et al. 1972) .
Conclusion
These data provide for the first time a comprehensive picture of glucose metabolism after ingestion of starchy food. Taken together, these results show that the addition of a large amount of lipid (40 g) to a starchy meal initially delays exogenous glucose absorption but leads to a secondary recovery of glycaemia. Moreover, it is associated with high levels of TG and NEFA, higher insulin: glucose level and lower inhibition of EGP, suggesting insulin resistance. Such adverse effects were not observed with the MF meal, whereas the beneficial glycaemic lowering effect did occur. Thus, the addition of large amounts of fat to starch should not be advised, but a moderate amount (e.g. 15 g oil), as in our study, could be encouraged.
